The numbers of fires detected on forest, savanna and transition lands during the 2002-10 biomass burning seasons in Amazonia are shown using fire count data and co-located land cover classifications from the Moderate Resolution Imaging Spectroradiometer (MODIS). The ratio of forest fires to savanna fires has varied substantially over the study period, with a maximum ratio of 0. 
Introduction
In the Amazon, fires are set to burn trees from recently cut forests so that agricultural or pastoral lands may be developed, but they are also set on existing agricultural or pastoral lands for nutrient mobilization, pest control, and removal of brush and litter accumulation (Crutzen and Andreae 1990) . A synergy of natural drivers and human activity contribute to biomass burning in the region (Cochrane 2003 , Aragão et al 2007 . Fires may result from anthropogenic drivers such as commodity prices (Nepstad et al 2008) and from natural drivers such as weather and climate variability (Nepstad et al 2004 , Le Page et al 2008 . Biomass burning is also a large source of particulate matter during the Amazon dry season (Martin et al 2010) . These particles cause health problems, modify cloud properties and affect the regional radiative balance (Koren et al 2008) . Our study extends upon previous studies in that we analyze anthropogenic and natural drivers of Amazonian fires detected by satellite, classified by land cover type using 500 m resolution land cover data between 2002 and 2010.
Even though most fires in the Amazon region are anthropogenic in origin, fuels are allowed to dry out for longer periods in drought conditions, contributing to a higher occurrence of fire and fire spreading (Nepstad et al 2004 , Alencar et al 2006 , van der Werf et al 2008 . Drought years in the Amazon have been correlated with enhanced fire activity and reduction of forest biomass (Nepstad et al 2004 , Aragão et al 2007 . Because fire ignition is largely associated with land management, populated regions with drought often experience more fires than unpopulated regions with drought (Uhl and Kauffman 1990, Pivello 2011) . The drought of 2005 was one of the most severe on record, causing crop failure, low river levels, enhanced wildfire activity and high aerosol loading throughout the Amazon Basin (Marengo et al 2008) . The drought of 2010 was even more severe by some estimates, with higher drought intensity over a larger area (Lewis et al 2011) . Our study also probes the relationship between drought, human influence and forest fire activity between the severe droughts of 2005 and 2010.
Data and methods
Amazon fire seasons between 2002 and 2010 were analyzed in this study. A regional domain over the arc of deforestation (20 • S-5 • S, 80 • W-40 • W) during fire season months (June-November) was used. Areas to the north experienced later fire seasons and were not included in the analysis (Le Page et al 2010) . Daily 1 km Level 3 MODIS fire detections from the Terra and Aqua satellites were employed and only cloud-free pixels were retrieved (Justice et al 2002 , Giglio et al 2003 . Fires with a detection confidence lower than 'high' (80%) were excluded from the analysis due to possible false detections in small forest clearings (Giglio et al 2003 . Fire detections were classified into three land cover categories: (1) forest, (2) savanna/agriculture, and (3) transition between forest and savanna, according to MODIS-derived International Geosphere-Biosphere Programme Classification (IGBP) land cover classifications at 500 m resolution from the previous year (Friedl et al 2010) . The 500 m land cover data was upscaled to the 1 km fire product resolution using a majority filter. The transition land cover category was defined as 1 km 2 pixels with a 50% split between forest and savanna/agricultural land cover categories.
Averaged over the study period, there were 3 134 616 km 2 of forest, 4 176 730 km 2 of savanna/agriculture, and 200 491 km 2 of transition land in the study domain. Land cover distributions each year are provided in supplementary figure 1 (available at stacks.iop.org/ERL/7/024020/mmedia), showing a 5% decrease in forested land due to ongoing deforestation activities over 2002-10. For our region, the estimated accuracy provided by quality assurance data across all 17 IGBP land cover types was 75.5%, which is similar to the calculated total accuracy of 74.8% based on training data in Friedl et al (2010) . The average estimated accuracy over all land cover types in the forested category was 92% whereas the average estimated accuracies over all land cover types in the savanna/agriculture and transition categories were 64% and 60%, respectively. However, these accuracies correspond to the correct identification of each of the 17 IGBP land covers. When the 17 IGBP land covers are grouped into broad forest, savanna/agriculture and transition categories, overall accuracies improve since misclassifications often occur within each broad category. The user (producer) accuracy for the forested category is 93% (87%) and the user (producer) accuracy for the savanna/agriculture category is 97% (95%) (Friedl et al 2010, table 4) . In addition, since the MODIS land cover product employs a collection of images from the same area over many days or weeks, the effects of cloud cover are minimized and all land cover pixels in our study region were able to be retrieved for each year. Therefore, due to the absence of cloud effects and the relatively high reported accuracies of the MODIS land cover categories, classification of fires by land cover can be performed acceptably well using the methods described here.
Level 3 MODIS aerosol optical depth (AOD) at 550 nm was also employed. The AOD product has been validated in the Amazon against ground-truth measurements showing retrieved AOD falling within expected uncertainty (0.05 ± 0.15 × AOD) (Levy et al 2010) . Aerosol single scattering albedo (SSA) estimates were derived from quality-assured, cloud-screened, Level 2. 
Results
3.1. Trends in fires stratified by land cover type and relationship to aerosol properties
Figure 1(a) shows that total fires and seasonal-regional mean AOD were highly positively correlated (0.92, p < 0.001). Previous studies have shown a similar relationship (Koren et al 2007 , Torres et al 2010 . The high correlation suggests the majority of aerosol loading is due to biomass burning fires, and not other sources such as dust or transported aerosol (Koren et al 2007) . The minimum in both fires and aerosol loading in 2006 has been attributed to a tri-national alert service for wildfires enacted after the severe 2005 drought (Koren et al 2007) . Other studies attribute this decline to positive precipitation anomalies that year (Schroeder et al 2009 , Torres et al 2010 . Yet, a high burning year followed in 2007, suggesting that the tri-national alert service may not have been the cause of the 2006 decline. Relatively low burning years followed in 2008 and 2009, however in 2010, burning increased dramatically. Interestingly, the radiative scattering and absorbing characteristics of the biomass burning aerosol have also changed over this time period. Trends in single scattering albedo observed by both AERONET and OMI have declined over the last decade ( figure 1(b) ). To better understand the basin-wide interannual variability of fires and smoke, classification of fires by land cover type must be applied. Figure 2(b) shows fires normalized by the area of each land cover type. In each year, the number of fires found in transition land per square kilometer exceeded that found in both forest and savanna/agricultural lands. This is because a large fraction of the land clearing and consequential burning occurs on the edge of the forest frontier (Cochrane 2003) . Increased flammability along forest edges also plays a role The decrease in SSA over the last decade in figure 1(b) supports the shift to relatively more savanna burning since combustion of savanna grass produces relatively more black carbon than combustion of woody forest, leading to greater aerosol absorption and a lower aerosol SSA (Ward et al 1992). Since SSA depends on a variety of factors in addition to vegetation type burned (e.g. burning efficiency, moisture availability, photochemical modification during transport), we do not expect the regional mean SSA to closely follow the forest to savanna fire ratio each year. However, the decreasing trend in OMI and AERONET SSA suggests experimental evidence of long-term changes in this aerosol property. A systematic change in aerosol absorption may effect aerosol-cloud interactions and thus the radiative balance of the atmosphere, but is beyond the scope of this study. Figure 5(b) shows locations of the grid boxes contained within figure 5(a) . The four permutations of higher/lower precipitation anomalies and higher/lower forest fires anomalies in 2010 relative to 2005, (1) less precipitation, less fires, (2) more precipitation, less fires, (3) less precipitation, more fires, and (4) more precipitation, more fires, are depicted. Grid boxes in (2) and (3) followed the expected inverse precipitation-fire activity relationship. A large area of grid boxes in (3) extended throughout Bolivia and south-western Mato Grosso. This area, in particular, experienced a more severe drought in 2010 compared with 2005 (Lewis et al 2011) .
Comparison of extreme drought years over Amazonia
Grid boxes in (1) and (4) deviated from the expected inverse precipitation-fire activity relationship. Substantially more grid boxes (115) existed in (1), which is characterized by fewer forest fires and lower precipitation in 2010 compared Filho et al 2010) . Furthermore, consumers, businesses, and non-governmental organizations have been acting to massively ban purchases from illegal farms in these states. One of these actions is a 'soy moratorium', beginning in 2006, which banned soy cultivated in newly deforested land (Nepstad et al 2009 , Macedo et al 2012 .
Regions in (4) were found in eastern Mato Grosso, western Tocantins and southern Pará, but constituted less than half of the area of regions in (1). Regions in (4) suggest an anthropogenic influence that promotes more fires in weaker drought conditions. A weaker drought suggests less fire spreading; however, higher ignition rates for anthropogenic land management in 2010 in (4) would serve to increase total detected fires compared with 2005 even in weaker drought • grid boxes illustrating the differenced forest fire anomaly-precipitation anomaly relationship in (a). Grid boxes with one or more years of no data over the study period are colored white. The four colors are associated with the four permutations (1)-(4) of more/less fires (F) and higher/lower precipitation (P). N represents the number of grid boxes associated with each permutation.
conditions, particularly if ignition sources are a limiting factor as is often the case in the Amazon (Cochrane 2003).
Deforestation is a major driver of forest fires. Deforestation in Mato Grosso and Rondônia in 2010 was 12% and 13%, respectively, of deforestation in 2005 (Projeto PRODES-Monitoramento da Floresta Amazônica Brasileira por Satélite 2010). Deforestation fires in Mato Grosso and Rondônia in 2010, defined as fires over forest land cover detected on the same pixel more than once per fire season , were 38% and 22%, respectively, of deforestation fires in 2005, contributing to the total decrease in forest fires. Deforestation is strongly connected to fire management; enforcement of fire laws help to prevent deforestation and vice versa. Therefore, reduced deforestation and improved fire management may be considered together when suggesting a mechanism for the lower number of forest fires in 2010 compared with 2005. land, in addition to improved forest management and lower deforestation rates, which reduced the number of forest fires. The decrease in the forest fire to savanna/agricultural fire ratio in the late 2000s was also observed as a decreasing trend in the SSA of biomass burning aerosols over a similar period, which in turn has implications for regional aerosol-cloud-radiation interactions. We also find that the number of fires occurring in transition regions, regions on the edge of forest and savanna lands, was higher than the number of forest or savanna fires on a per area land cover basis.
Conclusions
Two We acknowledge the various uncertainties associated with this analysis. Some fires may not be detected due to atmospheric conditions, satellite overpass time, or fire size and energy. Only high-confidence fires were selected to minimize false fire detections. Yet, a sensitivity analysis of the fire confidence level (Giglio et al 2003) indicates that the shift from forest to savanna/agricultural burning between the early and late 2000s is robust (supplementary figure 4, available at stacks.iop.org/ERL/7/024020/mmedia). The effect of cloud cover on fire detections is also found to be minimal. The average fraction of pixels in our study domain considered by the MODIS fire product too cloudy to perform a retrieval is 0.105 with a standard deviation of 0.012. A similar fraction with minimal interannual variability exists for forest and savanna/agricultural lands individually (0.101 ± 0.011 forest, 0.107 ± 0.016 savanna/agricultural). This suggests that biases in forest and savanna/agricultural fire detections attributed to cloud cover are small and biases in the interannual trend in fire detections due to interannual variability in cloud cover is also minimal. 
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